T-cell exhaustion is a unique state that appears during many chronic infections and cancer and is characterized by loss of proliferative capacity and effector function. Complex mechanisms are involved in this T-cell dysfunction but an inhibitory receptor, PD-1, has been identified as a major regulator of T-cell exhaustion. Blockade of the PD-1 pathway can reinvigorate exhausted T cells, resulting in better control of chronic infections and cancer. Notably, recent clinical studies have revealed that PD-1-directed immunotherapy is highly effective in cancer patients, demonstrating that PD-1 is a promising therapeutic target in humans. In this review, we summarize our current understanding of the epigenetic regulation of PD-1 expression in T cells and discuss potential combination therapy with PD-1 blockade toward developing more effective treatment for chronic infections and cancer.
CD8 T cells play an essential role in controlling intracellular infections and tumors . However, once the CD8 T cells fail to eliminate the infections and tumors, chronic antigen stimulation leads them to exhaustion characterized by impaired cytokine production, loss of proliferative capacity, and reduced killing activity (Zajac et al. 1998) . Although complex mechanisms are involved in T-cell exhaustion, accumulating evidence indicates that programmed cell death 1 (PD-1; CD279) is a major player in the process of exhaustion. PD-1 is an inhibitory receptor that is expressed not only on exhausted T cells but also on a variety of hematopoietic cells including B cells and functional T cells in response to activation (Keir et al. 2008; Rudd et al. 2009; Francisco et al. 2010) . PD-1 mediates inhibitory signals via binding to two distinct ligands, PD-L1 (B7-H1/ CD274) and PD-L2 (B7-DC/CD273) ( Fig. 1) . PD-L1 is constitutively expressed on both hematopoietic and nonhematopoietic cells and is induced by cytokine stimulation, whereas PD-L2 expression is limited to certain types of cells such as activated macrophages, dendritic cells (DCs), and a subset of B cells (Keir et al. 2008; Rudd et al. 2009; Francisco et al. 2010) . PD-1 ligation with its ligands inhibits T-cell receptor (TCR) signals as well as phosphatidylinositol-3-kinase (PI3 K) activity by recruiting phosphatase SHP1 and SHP2 to the cytoplasmic domain ( Fig. 1) . PD-1 is up-regulated on exhausted CD8 T cells in patients with chronic infection or cancer and the PD-1 signals inhibit proliferation and effector function of the T cells. Blockade of PD-1/PD-L1 interaction can reinvigorate function of the exhausted CD8 T cells, indicating that PD-1 blockade therapy is a promising strategy against chronic infection and cancer. Recent studies have uncovered novel mechanisms for epigenetic control of PD-1 expression and have shown broader implication for CD8 T-cell differentiation. In this review, we summarize current understanding on the epigenetic regulation of PD-1 expression in CD8 T cells and discuss potential combination therapy with PD-1 blockade.
EPIGENETIC REGULATION OF PD-1 GENE EXPRESSION
It is quite clear that the up-regulated expression and subsequent signaling by PD-1 plays a dominant role in suppressing the effector response from CD8 T cells during chronic viral infection. Therefore, in addition to understanding the molecular events that transpire following ligation of the PD-1 receptor with its ligand, significant effort has been focused on understanding the mechanisms for transcriptional up-regulation of PD-1 expression and the impact on these transcriptional regulatory mechanism during transient versus persistent stimulation to the CD8 T cell during acute versus chronic viral infection, respectively.
During acute viral infection, antigen-specific CD8 T cells transiently up-regulate the transcriptional expression of PD-1, and upon viral control rapidly down-regulate PD-1 transcription ( Fig. 2A) . Similarly, PD-1 expression is up-regulated on antigen-specific CD8 T cells during chronic viral infection, but it remains up-regulated during viral persistence (Fig. 3A) (Barber et al. 2006; Wherry et al. 2007) . Not surprisingly, when the exhausted CD8 T cells are then removed from the source of antigen, by either antiviral therapy (HAART with HIV-infected patients) (Day et al. 2006; Trautmann et al. 2006) or in experimental systems where antigen-specific CD8 T cells can be adoptively transferred into antigen-free animals, PD-1 expression is significantly reduced (Fig. 3A ) (Blatt-man et al. 2009; Angelosanto et al. 2012) . These data indicate that, indeed, TCRs drive PD-1 expression at the protein and transcript levels. To better understand the impact of sustained TCR signaling on PD-1 transcription, early investigation of transcriptional regulatory mechanisms of functional memory versus exhausted CD8 T cells focused on the noncoding upstream regions of the PD-1 transcriptional start site that were conserved among mammals. Attention to these regions was based on the idea that evolutionary conservation of transcriptional regulatory regions occurs as result of selective pressure shared among species that preserves mechanisms fundamental to the biological function of the cell. These regions were subsequently described as Conserved Region C and B (CR-C and CR-B) and indeed contain critical transcriptional regulatory features (Oestreich et al. 2008) .
Within the conserved regulatory regions reside potential binding sites for transcription factors previously described to play important roles in CD8 T-cell effector responses. A direct role in regulating PD-1 expression by several of these transcription factors, including NFATc1, AP-1, and T-bet, have now been reported (Oestreich et al. 2008; Kao et al. 2011; Xiao et al. 2012) . Surprisingly, many of these transcription factors are expressed in both functional and exhausted CD8 T cells, albeit at different levels, suggesting that transcriptional regulation of PD-1 by these factors is further controlled by additional mechanisms. A clue regarding the mechanisms involved in this additional layer of transcriptional control of PD-1 expression came from studies that examined PD-1 reexpression kinetics of functional memory and exhausted CD8 T cells. Several laboratories observed that in vivo and in vitro stimulation of functional memory CD8 T cells and PD-1 lo exhausted CD8 T cells resulted in both cell populations reexpressing PD-1, but surprisingly the exhausted CD8 T cells reexpressed PD-1 much faster than the functional memory CD8 T cells (Fig.  3C) (Youngblood et al. 2011) . These data indicated that the PD-1 transcriptional regulatory region in exhausted T cells is "poised" for activation.
Transcriptional poising is known to be coupled to chromatin accessibility and can be heritably maintained by acquired epigenetic modifications. Using mouse and human model systems, we analyzed the epigenetic programming at PD-1 CR-C and CR-B in CD8 T cells during acute and chronic infections (Youngblood et al. 2011 ). Indeed, up-regulation of PD-1 during both acute and chronic viral infection was coupled to demethylation of CpG sites residing in CR-C and CR-B in virus-specific CD8 T cells (Youngblood et al. 2011) . Furthermore, we observed that during the effector-to-memory stage of the immune response to an acute viral infection, PD-1 regulatory regions became remethylated (Fig. 2B ). Not surprisingly, the PD-1 regulatory regions remained demethylated in mouse exhausted CD8 T cells in the presence of high viral load (Fig. 3B) . Interestingly, PD-1 regulatory regions remained unmethylated even after viral loads were significantly reduced ( Fig. 3B ) (Youngblood et al. 2011) .
Building on our observations with the mouse LCMV model system, we next examined the DNA methylation program of PD-1 regulatory regions in HIV-specific CD8 T cells from progressors, elite controllers, and patients on antiretroviral therapy (HAART). Upon infection, HIV viral loads rapidly elevate and are sustained at high levels for several months. Following the peak expansion of HIV, viral loads remain elevated unless the infected individual undergoes HAART. In some cases, individuals known as elite controllers can control viral loads to levels undetectable by standard techniques, and viral loads can remain reduced for decades (Fig. 3D ). Similar to mouse exhausted CD8 T cells, HIV-specific CD8 T cells in individuals with a high viral load had an unmethylated regulatory region. Furthermore, naïve cells from the infected individuals retained a methylated PD-1 regulatory region, indi- cating that demethylation is mediated by TCR ligation (Fig. 3E) . Importantly, HIV-specific CD8 T cells were unable to recover the repressive epigenetic program at the PD-1 promoter after significant viral reduction in individuals who had undergone HAART for several years. Even more striking, PD-1 lo HIV-specific CD8 T cells from elite controllers who had reduced viral loads for more than 10 years retained a demethylated PD-1 regulatory region (Fig. 3E) . These data indicate that even if an established chronic infection can be controlled, the antigen-specific CD8 T cells retain a PD-1 locus poised for expression and subsequently premature termination of an effector response (Fig. 3B,E) . Thus, the implications of retaining an epigenetically accessible transcriptional regulatory region is that future therapies designed to fully resolve chronic infections will likely have to incorporate strategies that block PD-1 signaling or alter the epigenetic program of virus-specific CD8 T cells to retain down-regulation of PD-1 to target infected cells for lysis. The above data broadly highlight the significance of epigenetic modifications in facilitating transcriptional program of the differentiated state of functional memory and exhausted CD8 T cells. In addition to providing new insight into the current challenge of activating antigen-specific CD8 T cells to clear the HIV reservoir in chronically infected individuals, studies of PD-1 transcriptional regulation have furthered our understanding of how chronic viral infections evade the immune system by promoting tolerization programs within the antigen-specific T cells.
PD-1-DIRECTED IMMUNOTHERAPY
PD-1 plays an essential role in T-cell exhaustion during chronic viral infection. This was originally found in mice infected with chronic LCMV strain (Barber et al. 2006) . In this study, we showed that exhausted CD8 T cells up-regulate PD-1 during chronic LCMV infection, and blockade of PD-1/PD-L1 interaction can reinvigorate function of the exhausted CD8 T cells and reduce viral load (Barber et al. 2006) . In addition to this mouse study, the PD-1 expression on antigen-specific CD8 T cells was also found in HIV-infected people who were naïve to anti-HIV treatment, and the expression levels were correlated with their functional impairment (Day et al. 2006; Petrovas et al. 2006; Trautmann et al. 2006) . Blockade of the pathway in vitro improved function of these CD8 T cells. Similar results were observed in hepatitis C virus-infected people (Urbani et al. 2006; Radziewicz et al. 2007 ). These findings suggest that immunotherapy directed at PD-1 pathway is an attractive strategy to control chronic infections. Indeed, blockade of PD-1 using anti-PD-1 antibody in simian immunodeficiency virus (SIV)-infected macaques expanded virus-specific CD8 T-cell responses and improved their function (Velu et al. 2009 ). This enhanced T-cell immunity was accompanied by reduced viral load and prolonged survival of the SIV-infected macaques (Velu et al. 2009 ). Another study also reported that immunotherapy using anti-PD-1 antibody resulted in reduced viral load in hepatitis C virus -infected chimpanzees (Fuller et al. 2013 ). Importantly, this study suggested that certain levels of preexisting hepatitis C virusspecific T cells were required for viral reduction associated with improved T-cell responses after anti-PD-1 antibody treatment (Fuller et al. 2013) , supporting that this immunotherapy acts on virus-specific exhausted T cells to rejuvenate their function. Thus, blockade of PD-1 pathway is a promising treatment to control chronic infections.
In addition, recent clinical trials showed that PD-1 blockade therapy was highly effective in patients with advanced cancer (melanoma, non-small-cell lung cancer, and ovarian cancer) Topalian et al. 2012) . Efficacy of the therapy against tumors in these studies was much higher than that of other immunotherapy regimens Ribas 2012; Topalian et al. 2012) .
Potential Mechanisms of PD-1-Directed Immunotherapy
Although exact cellular mechanisms of how PD-1 blockade restores the function of CD8 T-cell exhaustion are yet to be fully understood, there appears to be a potential model proposed from our experiments in which lethally irradiated PD-L1 2/2 or wild-type (WT) mice were reconstituted with PD-L1 2/2 or WT bone marrow and infected with LCMV (Mueller et al. 2010) . Our study proposes a model that PD-1/PD-L1 interaction between antigen-presenting cells (APCs) and antigen-specific CD8 T cells negatively regulates proliferation of CD8 T cells as well as effector T-cell differentiation, whereas the interaction between infected nonhematopoietic cells and antigen-specific CD8 T cells prevents effector CD8 T cells from killing virus-infected cells (Fig. 4) (Mueller et al. 2010) . Thus, this model indicates that PD-1 blockade therapy acts at two levels: (1) T-cell activation by blocking PD-1/PD-1 ligand interaction between T cells and APCs and (2) target cell elimination by inhibiting the interaction between T cells and target cells (infected cells or tumors) (Fig. 4 ). Although this model is based on naïve CD8 T-cell activation during infection, the same mechanism could be used by exhausted CD8 T cells in chronically infected animals. Thus, these two distinct mechanisms of action with PD-1 blockade against chronic infection and cancer seem to lead to striking outcomes compared with other immunotherapies.
Combination Therapy with PD-1 Blockade
The broad efficacy of PD-1 blockade against many chronic infections and cancer suggests that PD-1 is a major regulator of CD8 T-cell exhaustion. This implies that other immunotherapeutic strategies that interrupt different signaling pathways may not efficiently revive exhausted CD8 T cells owing to the predominant inhibitory signals from PD-1. Indeed, PD-1 blockade therapy often shows the highest efficacy to enhance CD8 T-cell responses and regulate infections and tumor growth compared with other immunotherapies. Thus, other immunotherapies that have not shown significant improvement in cytotoxic T lymphocyte (CTL) function may synergistically enhance efficacy of PD-1 blockade therapy. Here, we summarize potential combination therapies with PD-1 blockade for chronic infections and cancer.
Therapeutic Vaccination. Therapeutic vaccination has the potential to boost antipathogen or antitumor immune responses. The rationale behind therapeutic vaccination is that by enhancing preexisting immunity against chronic pathogens or tumors via delivering antigen to proper APCs such as DCs, antigen can then be efficiently presented to T cells along with costimulatory molecules (Fig. 5) . However, these approaches often show only partial efficacy owing to T-cell exhaustion (Wherry et al. 2005) . Proliferation capacity of exhausted CD8 T cells is limited even after stimulation with DCs. Because PD-1 expression significantly contributes to T-cell exhaustion, it was postulated that blockade of the PD-1 pathway could overcome the limitation of therapeutic vaccination. Indeed, blocking PD-1/PD-L1 interaction in combination with therapeutic vaccination synergistically improved antiviral CD8 T-cell immunity and enhanced viral control in mice chronically infected with LCMV ).
Blockade of Other Inhibitory Receptors. Although PD-1 has a major role in T-cell exhaustion during chronic infection, exhausted CD8 T cells express several other inhibitory receptors involved in functional impairment of CD8 T cells (Fig. 5) Blackburn et al. 2009 ). Coexpression of multiple inhibitory receptors is linked to severe T-cell exhaustion and impaired viral control (Blackburn et al. 2009 ). Because dysfunction of T cells by these distinct inhibitory receptors is mediated by their unique ligands expressed on target cells and/or APCs, combination immunotherapy with these inhibitory receptors can synergistically enhance T-cell immunity against chronic infections or tumors.
LAG-3 is a cell-surface molecule expressed on multiple immune cells including activated T cells, regulatory T cells (Tregs), and exhausted CD8 T cells (Goldberg and Drake 2011) . Although the exact function of LAG-3 in the immune system is yet to be fully understood, it seems that exhausted CD8 T cells use LAG-3 to suppress T-cell responses (Blackburn et al. 2009 ). Anti-LAG-3 blocking antibody alone has minimal effects on improvement of virus-specific CD8 T-cell responses during chronic LCMV infection but simultaneous blockade of PD-1 and LAG-3 pathways significantly enhances T-cell immunity and viral control (Blackburn et al. 2009 ). An independent study has shown that combined LAG-3/PD-1 blockade treatment rapidly clears established blood-stage malaria infection in mice by improving CD4 T-cell responses (Butler et al. 2012) . These data provide a proof of principle that efficacy of PD-1 blockade can be increased when signaling of other inhibitory receptors is simultaneously prevented.
Tim-3 is another inhibitory molecule that has potential to improve T-cell immunity during chronic infections (Zhu et al. 2011 ). Tim-3 was originally identified on T helper 1 (Th1) (Monney et al. 2002) but not on Th2, and it is now apparent that exhausted CD8 T cells also express Tim-3 (Jin et al. 2010) . Its ligand, galectin-9, is broadly expressed in many tissues, and interaction of Tim-3 with galectin-9 negatively regulates T-cell responses (Zhu et al. 2011) . Like anti-LAG-3 antibody treatment, monotherapy with Tim-3Ig to block the Tim-3 pathway in vivo has minimal effects on T-cell immunity against chronic LCMV infection (Jin et al. 2010) . Importantly, combined blockade of Tim-3 and PD-1 pathways synergistically restores the number and function of exhausted CD8 T cells and enhances viral control (Jin et al. 2010 ). Tim-3/PD-1 combination therapy also has beneficial effects on controlling tumor growth in a mouse model (Sakuishi et al. 2010) . Several clinical studies suggested that this therapy may be applicable in human with chronic infections or cancer (Fourcade et al. 2010; Afanasiev et al. 2013) . Tim-3 is expressed on a part of tumor-specific CD8 T cells in human patients with advanced melanoma and Tim-3 þ PD-1 þ tumor-specific CD8 T cells are associated with severe exhaustion (Fourcade et al. 2010 ). The same study has shown that Tim-3 blockade together with PD-1 blockade in vitro improves the function of human tumor-specific CD8 T cells (Fourcade et al. 2010 ). Thus, Tim-3 can be targeted to control chronic infections as well as tumor growth combined with inhibition of the PD-1 pathway.
CTLA-4 is another candidate molecule for combination therapy with PD-1 blockade (Teft et al. 2006; Hamid et al. 2013; Wolchok et al. 2013 ). Anti-CTLA-4 antibody treatment has been approved by the Food and Drug administration for patients with late-stage melanoma (Lipson and Drake 2011) . CTLA-4 is up-regulated on activated and exhausted T cells and is thought to inhibit T-cell responses . CTLA-4 is also found on Tregs and plays an essential role in inhibitory functions of Tregs (Wing et al. 2008) . Its ligands, B7-1 (CD80) and B7-2 (CD86), are mainly expressed on DCs, B cells, macrophages, and activated T cells. These ligands also bind to a costimulatory molecule CD28 that is important for Tcell activation, but CTLA-4 can effectively inhibit T-cell responses because it serves a higher affinity for B7 molecules than does CD28 (Greenwald et al. 2005) . Modulating this pathway with anti-CTLA-4 blocking antibody improves overall survival in patients with advanced melanoma (Lipson and Drake 2011) . Although the underlying mechanism is thought to be that the blockade acts on inhibitory effects of CTLA-4 on both antitumor T cells and Tregs, a recent mouse study suggested that anti-CTLA-4 antibody treatment worked by depleting tumorinfiltrating Tregs (Simpson et al. 2013) . Regardless of the mechanisms of action, combination therapy of this anti-CTLA-4 antibody treatment and blockade of the PD-1 pathway in mice promotes more pronounced rejection of melanoma than either alone (Curran et al. 2010) . Moreover, the combination therapy in a small clinical trial also showed more rapid and strong tumor responses in patients with advance melanoma compared with previous monotherapy data . Although further confirmation with large clinical trials is required, these data hold considerable promise in treating cancer patients.
Modulating Cytokine Signals. In addition to membrane-bound inhibitory receptors, soluble inhibitory molecules regulate T-cell exhaustion (Fig. 5) . IL-10 is an immunosuppressive cytokine and is primarily produced by mononuclear cells including macrophages, Th2, CD8 T cells, and Tregs (Saraiva and O'Garra 2010). Specifi- cally, antigen-specific CD8 T cells from chronically infected humans and mice can express significant levels of IL-10 (Elrefaei et al. 2006 Jin et al. 2010) . It has been shown that IL-10 has an important role in CD8 Tcell exhaustion and that blocking the IL-10 signal using anti-IL-10 receptor antibody enhances viral control and T-cell function during chronic LCMV infection (Brooks et al. 2006) . Additionally, concurrent treatment with PD-1 blockade and anti-IL-10 receptor antibody further improves therapeutic efficacy in chronically LCMV-infected mice (Brooks et al. 2008) .
In contrast to immunoinhibitory cytokines, we found that the immunostimulatory cytokine IL-2 can promote T-cell responses during chronic infections (Fig. 5) (Blattman et al. 2003) . IL-2 is a cytokine that has multiple effects on a variety of immune cells. IL-2 can enhance protective T-cell immunity by supporting proliferation and survival of effector T cells but it can also negatively regulate immune responses by increasing the number of Tregs that constitutively express IL-2 receptor a (Waldmann 2006). Because of this contradictory activity of IL-2, some studies showed beneficial results of providing exogenous IL-2 for control of chronic infections and tumor growth, whereas limited successes were observed in other studies (Waldmann 2006) . However, we have previously found that IL-2 therapy during chronic LCMV infection results in notable immunostimulatory effects on exhausted CD8 T cells, leading to better viral control (Blattman et al. 2003) . Importantly, combined IL-2 therapy and PD-1 blockade synergistically enhances virusspecific CD8 T-cell responses during chronic LCMV infection and strikingly reduces virus load compared with either treatment given alone (West et al. 2013) . These data indicate that combining immunostimulatory cytokine treatment with blockade of the PD-1 inhibitory pathway has potential to control chronic infections and tumors (Fig. 5) . In addition to IL-2, it will be interesting to examine whether PD-1 blockade synergizes with other cytokine therapy such as IL-7 and IL-21 for reinvigorating exhausted T cells.
Adoptive Immunotherapy. In addition to modulating cellular signaling pathways by antibodies or cytokines as described above, immunotherapies based on adoptive Tcell transfer have shown promising results in controlling cancer (Restifo et al. 2012) . Specifically, recent clinical trials targeting CD19 expressing acute and chronic lymphoid leukemia showed that adoptive transfer of lentivirus-transduced autologous T cells that had chimeric antigen receptor with specificity for CD19 coupled with a T-cell signaling molecule successfully eliminated CD19 expressing tumors by directly lysing them (Porter et al. 2011; Grupp et al. 2013) . Similarly, genetically engineered CD8 T cells that express tumor-specific TCRs are also attractive to cure patients with cancer (Restifo et al. 2012) . Can PD-1 blockade therapy improve the efficacy of these adoptive immunotherapies? Because T cells transferred into patients will significantly up-regulate PD-1 after encountering antigen, PD-1 blockade could enhance the effect of therapies. Interestingly, we have recently shown that adoptive transfer of LCMV-specific CD4 T cells into mice chronically infected with LCMV restores proliferation and cytokine production by exhausted CD8 T cells and reduces viral load (Fig. 5) (Aubert et al. 2011) . How antigenspecific CD4 T-cell transfer rescues exhausted CD8 T cells remains an important unanswered question. One possible mechanism is that cytokines produced by activated CD4 T cells act directly on exhausted CD8 T cells. Based on the previously described experiments demonstrating that exogenous IL-2 administration enhances CD8 T-cell responses during chronic infection (Blattman et al. 2003 ), a potential hypothesis may be that IL-2 produced by antigen-specific CD4 T cells after adoptive transfer may rescue the exhausted CD8 T cells. Also, several studies have shown that another cytokine IL-21 has a critical role in maintaining effector function of CD8 T cells during chronic infections (Elsaesser et al. 2009; Frohlich et al. 2009; Yi et al. 2009 ). Thus, IL-21 produced by transferred CD4 T cells could be an essential factor for this therapy. In the same study, PD-1 blockade therapy was combined with antigen-specific CD4 T-cell transfer into chronically infected mice (Aubert et al. 2011) . The efficacy of CD4 T-cell transfer was further augmented by PD-1 blockade, and better viral control and improved rescue of exhausted CD8 T cells were observed (Aubert et al. 2011 ). Thus, the study supports developing adoptive CD4 T-cell therapy combined with PD-1 blockade to reinvigorate preexisting exhausted CD8 T cells for treating patients with chronic diseases.
CONCLUSIONS
PD-1 is a major regulator of T-cell exhaustion, and its blockade therapy can revive exhausted T cells. Combination therapy with PD-1 blockade can synergistically improve the function of exhausted CD8 T cells. Thus, immunotherapy directed at PD-1 has significant potential to control many chronic infections and cancer. Although it is clear that PD-1 plays an essential role in T-cell exhaustion, much less is known about molecular mechanisms of PD-1-mediated T-cell exhaustion. Toward better understanding of exhausted T cells and developing more effective immunotherapy targeting PD-1, it is important to uncover how intracellular signals of PD-1 regulate T-cell exhaustion and how blocking the PD-1 pathway rejuvenates exhausted T cells.
